Introduction: The European Medical Information Framework consortium has assembled electronic health record (EHR) databases for dementia research. We calculated dementia prevalence and incidence in 25 million persons from 2004 to 2012. Methods: Six EHR databases (three primary care and three secondary care) from five countries were interrogated. Dementia was ascertained by consensus harmonization of clinical/diagnostic codes. Annual period prevalences and incidences by age and gender were calculated and meta-analyzed. Results: The six databases contained 138,625 dementia cases. Age-specific prevalences were around 30% of published estimates from community samples and incidences were around 50%. Pooled prevalences had increased from 2004 to 2012 in all age groups but pooled incidences only after age 75 years. Associations with age and gender were stable over time. Discussion: The European Medical Information Framework initiative supports EHR data on unprecedented number of people with dementia. Age-specific prevalences and incidences mirror estimates from community samples in pattern at levels that are lower but increasing over time.
Introduction
Electronic health records (EHRs) are increasingly replacing paper records across health care sectors, creating large volumes of digitized data on real-world clinical interventions and outcomes. Applications of such data extend beyond clinical care to planning and costing health services, and health surveillance. For research, EHR-derived databases offer large sample sizes and are particularly suited to investigations of intervention outcomes in routine care, such as predictors of response, safety, comparative effectiveness, and health economic evaluations, as well as etiologic investigations of rare exposures/outcomes.
EHRs have been underused in dementia research, although examples include identification in primary care [1] , resource use in Alzheimer's disease [2] , comorbidities [3] , case capture efficiency [4] , dementia incidence [5] , dementia-free life expectancy [6] , risks associated with medication exposures [7] and other disorders [8] , atypical antipsychotics and mortality in vascular dementia [9] , and cognitive trajectories before and after acetylcholinesterase inhibitor initiation [10] .
EHR data on dementia, as with most clinical research data, are limited to people who have received a diagnosis. These are a subset of people living with dementia in the community, many of whom will not receive a diagnosis and can only be ascertained in surveys applying case-ascertainments. However, epidemiologic studies of dementia tend to focus on incidence and risk factors (i.e., investigating up to the point of onset), and most research on dementia outcome, including service costs, involves cohorts who have received a clinical diagnosis rather than screened community samples. The relationships between community incidence/ prevalence and incidence/prevalence of diagnosed dementia are therefore important to understand because of these different samples. Such relationships may vary both geographically and temporally: settings with active dementia diagnosis centers are likely to see a higher proportion of community cases appear on health care databases, and these are likely to increase over time with greater public awareness and a higher salience in primary care.
Advances in medical research require an increasing quantity and detail of health data to answer today's complex questions. At the same time, huge volumes of health data are being collected and electronically stored, either in routine EHR databases or through research-driven cohort studies associated with biobanks and other efforts. To help improve access to patient-level data, the European Medical Information Framework (EMIF) was launched in 2013. As part of the broader European Innovative Medicines Initiative, EMIF aims to create an environment that allows efficient reuse of health data in two therapeutic areas: Alzheimer's disease and metabolic disorders. In the first year of operation, EMIF explored several EHR resources to render data available for analysis with robust data security and governance. In this study, we provide initial data on number of cases of dementia detected on six EHR sources-three primary care and three secondary care. Our objective was partly to describe this data resource and partly to provide prevalence and incidence estimates for diagnosed dementia in European populations, comparing these across the different databases and years of data collection.
Methods

Databases
Using the collaborations and platform for analysis set up by EMIF, the following six EHR databases were interrogated: (1) Agenzia regionale di sanit a della Toscana (ARS), (2) Aarhus University Hospital (AUH), (3) the Health Search Database (GENOMEDICS), (4) the Information System of Parc de Salut Mar (IMIM-UPF), (5) Integrated Primary Care Information (IPCI), and (6) The Health Improvement Network (THIN). Characteristics of databases are summarized in Table 1 . Number of active patients on each database on January 1, 2013 varied from around 900,000 in GENOME-DICS to around 3.8 million in THIN.
Catchment databases
The ARS database contains secondary health care data from the Tuscany region of Italy, including pharmacy, outpatient and hospital data along with linked data on death, and birth and malformation registries. The AUH database contains data from secondary health care registries covering the northern and central region of Jutland, Denmark, including information on all inpatient, emergency room, and outpatient visits, inpatient treatments, laboratory data, and prescriptions. The IMIM-UPF database contains secondary health care data from the Barcelona area, including acute, long term, and mental health services with information on inpatient, emergency room, and outpatient visits.
Primary care databases
IPCI, GENOMEDICS, and THIN contain primary care data from selected general practices in the Netherlands, Italy, and United Kingdom, respectively.
Considering broader health care settings, Italy has a government-funded universal health care system in which free health care is provided to all citizens, all persons in Italy are registered with a general practitioner (GP) who acts as a gatekeeper for all primary care health care services, the system is mostly region-based although citizens may access (free of charge) any hospital in Italy
Q5
. The Danish National Health Service provides universal tax-supported health care, guaranteeing unfettered access to GPs and hospitals, and partial reimbursement for prescribed medications, and accurate linkage of all registries at the individual level is possible in Denmark using the unique Central Personal Register number assigned to each Danish citizen at birth and to residents on immigration. The Spanish health care system consists of both private and public health care (although more than 90% of the population makes use of the public system for their medical care), the financing of the health care system is the responsibility of the National Health System and the autonomous communities and is based on a universal coverage model, although information linkage between health care levels and autonomous communities' EHR systems is not complete. In the Netherlands, all citizens are registered with one GP, who forms the first point of care for all medical complaints, and electronic medical records contain all journal entries written by the GPs, and coded and anonymous data on patient demographics, diagnoses using the International Classification for Primary Care, referrals, laboratory findings, and drug prescriptions. The UK has a government-funded National Health Service delivering health care free at the point of delivery, although with standard charges for some services (e.g., dentistry) and prescription medication, and with GP referral required for all nonemergency secondary care.
Dementia definitions
Codes used to identify dementia are detailed in Appendix A. The aim for the databases was to capture as broad as possible a range of indicators, whereas restricting to those that clearly indicated a dementia diagnosis, rather than those that were suggestive. Therefore we opted not, at this stage, to define dementia subgroups, on the assumption that more specific diagnoses would be more likely to have higher heterogeneity. The process of code assembly was a reciprocal one between academics and database holders, based on knowledge of dementia diagnoses and of local clinical practice. The Unified Medical Language System was used to identify medical concepts and corresponding codes in each terminology, and a common database model was used to share and pool data and verify the semantic basis of the event extraction queries [11] . Beginning with long lists of terms from constituent databases and diagnostic systems, feedback from the database holders was obtained at several stages to refine the extraction queries, and definitions were finalized by consensus.
Prevalence and incidence calculations
Definitions used for case prevalence and incidence estimations are summarized in Table 2 . We computed database-and year-specific annual incidences and period Table 2 Definition of dementia incidence and prevalence used in each study database 397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463   464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530 prevalences by age and gender for each database and for each calendar year, restricting the analyses to the calendar years 2004 to 2012 when data were available from all sources. Denominator populations for the three catchment databases (ARS, AUH, and IMIM-UPF) are defined from resident lists (inhabitant registries; see Table 1 ), regardless of health care contact and were ascertained for the calendar years described in this analysis based on routinely recorded and updated entry/exit dates (from the catchment) and national mortality records. Denominator populations for the primary care databases consist of total populations registered, again updated for each year of analysis by entry and exit dates (including mortality). The date of the first recorded dementia coding for a given person within each database (across all years of data since initial collection-see Table 1 ) was therefore ascertained and these provided the numerator population for incidence estimates (i.e., for the respective calendar years of the first dementia coding), with the denominator population defined for that year in the catchment or primary care database, having taken into account entry and exit dates. Each case of dementia then contributed to prevalence estimates (applying the same year-specific denominators) from the age at first diagnosis to the age at exit. Denominator populations were further subclassified by age ranges at the mid-point for each year and both numerator and denominator samples were restricted to people aged 50 years or older at respective time points.
Analysis
The following output was generated and displayed graphically: (1) case prevalence and incidence by age group and year for each database; (2) case prevalence and incidence by age group and database for each year of calculation; and (3) female to male ratios of prevalence and incidence by year for each database. As an initial summary, a table was generated, which contained annual period prevalence, annual incidence, and female to male ratio statistics of these two estimates, by age group and database, averaged across the 9 years of observation. Prevalences and incidences were then metaanalyzed across databases using random-effects models (because of observed high levels of heterogeneity) and pooled estimates graphically displayed by age group and year. This was followed by a meta-analysis of individual linear regression coefficients of logged prevalence or incidence outcomes against age group increments, approximate estimates of associations with age. I 2 statistics were calculated in all instances as estimates of heterogeneity. Final analyses estimated case duration (approximating survival after diagnosis) by dividing prevalence and annual incidence (percentages), displaying these for age groups by database and year.
Results
A number of cases detected with dementia in each database from 2004 to 2012 are displayed in Table 3 . A total of 138,625 cases were represented, varying from 1566 in the IMIM-UPF database to 52,296 in ARS. Illustrative data on periods of time represented before and after the first dementia diagnosis are likewise displayed. Overall, the total number of person-years was estimated to be more than 1 million before the first diagnosis and more than 400,000 532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597   598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664 after this date; mean follow-up periods for the six databases averaged 5.3 and 2.1 years, respectively. Pooled prevalences and incidences of dementia by age group and year, meta-analyzed across databases are displayed in Figs. 1 and 2 and detailed in Table B1 of Appendix B. Because we wanted to visualize relative changes in estimates over the sampled years, logarithmic scales were used for the y-axes to illustrate such changes in different age groups. High levels of heterogeneity were found for all cells: I 2 statistics were .95% for all prevalence estimates and .90% for all incidence estimates apart from those in the 50-to 54-year-old age group, which ranged from 50% to 87%. For dementia prevalence estimates, reasonably consistent increases across the years analyzed were observed in most age groups; however, these period effects were only evident for dementia incidence estimates in older age groups. Pooled associations with age are displayed in Table B2 of Appendix B. From I 2 estimates, considering the final column, coefficients showed a high level of homogeneity between years for all databases apart from IMIM-UPF (which also had the smallest slope coefficients). On the other hand, considering pooled estimates by year, between-database heterogeneity was frequently marked, tended to be lowest in earlier years and highest in more recent years. Considering the coefficients themselves, there were no noticeable trends across the years analyzed. Estimated annual period prevalence and incidence of dementia averaged across the observed years and stratified by database are given in Table 4 ; they are further displayed by age and year for each database in Figs. C1 and C2 of Appendix C and by age and database for each year in Figs. C3 and C4 of Appendix C. All databases showed increases in prevalence and incidence by age and generally patterns were similar, particularly across the larger databases. Most databases also appear to show a leveling off of prevalence and incidence trajectories in the oldest age group-in that estimates for the 951 age group are lower than would be expected from curve trajectories in preceding age groups. Prevalences varied around twofold across databases: for example for 85-to 89-year olds, mean 1-year period prevalences ranged from 4.9% to 9.4% and mean annual incidences from 1793 to 3650 per 100,000 person-years (Table 4) . Female to male prevalence ratios are displayed in Fig. C5 of Appendix C; these showed a modest increase across age groups from equality in younger age groups to a female predominance in older age groups, but little or no change over the years sampled, particularly in the larger data sets. Female to male incidence ratios (Fig. C6 of Appendix C) were closer to unity, did not change substantially over time, and only increased slightly in strength across the age range.
Estimated case duration is summarized in Appendix D. Modest increases were seen over time for most age groups, of the order of half a year improvement from 2004 to 2012 (Table D1 and Fig. D1 of Appendix D). Marked heterogeneity, however, was observed between databases with lowest duration in IMIM-UPF and highest in GENOMEDICS. Associations with age were not consistent between databases.
Discussion
The EMIF consortium has assembled what we believe may be the world's largest EHR resource for dementia research, and the primary objective of this initial study was to describe prevalences and incidences of cases across data sets and years of data collection. Random-effects meta-analyses indicated increasing prevalences across the 9 years analyzed but less marked increases in incidences apart from in older age groups, high between-database heterogeneity for prevalence/incidence estimates, and moderate heterogeneity for age-associated trajectories (highest in more recent years), but homogeneity of between-year ageassociated trajectories. Gender ratios were relatively stable by database and time. Estimated case duration increased over time, did not vary consistently with age, and was heterogeneous between databases.
A recent systematic review of community surveys in Europe estimated dementia prevalences (%) to be 0.2, 1, 4, 8, 13, 21, 32, and 45 in 60 to 65, 65 to 70, 70 to 75, 75 to 80, 80 to 85, 85 to 90, 90 to 95, and 951 age groups, respectively [12] . Taking the most recent 2012 data, our pooled dementia prevalence estimates from EHRs are 0.2, 0.4, 1, 2, 5, 8, 10, and 11 for these respective age groups-i.e., 100%, 40%, 25%, 25%, 38%, 38%, 31%, and 24% of estimates from community samples. These discrepancies are more marked than a 50% underestimation suggested by other direct comparisons of administrative and community data [13] , but are similar to 2005 estimates from Danish hospital registers [14] . Our dementia incidence rates were also similar to these Danish data [14] and to ranges reported for people aged 651 from US health care data [5] . Considering community studies of dementia incidence, estimates from EURODEM were Q6 205, 489, 1623, 2975, and 5356 per 100,000 person-years in age groups 65 to 69, 70 to 74, 75 to 79, 80 to 84, and 85 to 89, respectively [15] . Our 2012 pooled estimates for these age groups were 96, 274, 728, 1564, and 2595 respectively-i.e., 47%, 56%, 45%, 53%, and 48% of the community estimates. Differences in dementia prevalence and incidence can be expected between EHR databases and screened community samples. On the one hand, many people with dementia do not receive a diagnosis, and not all diagnoses are recorded in an accessible (i.e., structured) or sufficiently specific format within an EHR. On the other hand, community surveys often do not sample long-term care facilities, where dementia is highly prevalent [16] and whose residents are more likely to be represented in EHRs. Of interest, in the EMIF EHR samples there was more underestimation of community dementia prevalence than incidence. This may reflect different underlying reasons for discrepancies: prevalence underestimates being accounted for by underdiagnosis and incidence underestimates by differential survival (i.e., prediagnosis mortality). An underestimated prevalence would have resulted from an overestimated denominator population, whereas the opposite would be more likely if there were problems with enumeration. An overestimated denominator might have resulted from cases being seen in alternative facilities, although this would have given rise to a more visible difference between primary care and hospital databases (because diagnoses would be expected to be communicated to GPs regardless of their source). 866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932 Considering survival, postdiagnosis case duration was around 3 years in most age groups, which is shorter than the 5 to 9 years estimated from first symptom emergence [17, 18] and which might be accounted for by delayed diagnosis, although might also reflect the capture of people with rapid-progression disorders missed by conventional cohort studies [19] .
Between-database heterogeneity was observed for dementia prevalence and incidence estimates in all age groups. This is likely to arise from between-database differences in clinical ascertainment and/or recording of dementia rather than from underlying differences in risk. Considering data sources, the lowest prevalences in later years were consistently found in two secondary care databases (ARS and IMIM-UPF), which also tended to have the highest incidences, and later diagnosis and lower case survival was evident for IMIM-UPF at least; the other secondary care database (AUH) showed estimates much closer to those from primary care, possibly reflecting the additional use of outpatient records for case definition ( Table 2 ). The consistently higher prevalence of dementia at the uppermost end of the age range in two primary care databases (GENOMEDICS and THIN) might reflect institutional facilities served by participating practices but might also reflect the high postdiagnosis case duration in these databases (Fig. D2 of Appendix D).
Danish register data [14] showed an upward trend in dementia incidence and prevalence over time, assumed to be due to improved access to diagnosis. Similarly, dementia diagnoses recorded on death certificates have been increasing [20, 21] . Again, time trends are likely to be determined by health service access/responsiveness rather than changes in risk. In the EMIF databases, age-specific prevalences of dementia increased for more than the 9 years analyzed; however, incidence rates only increased in older age groups. One possibility is that dementia ascertainment by clinical services in younger age groups has remained constant, but case survival has been improving, accounting for increasing prevalence but stable incidence in younger age groups; in older age groups increases in both ascertainment/recording and case survival would account for increased prevalence and incidence. Increases by year in case duration were observed across most age groups, consistent with this and with at least one previous report of improvement over time in dementia survival [22] .
Despite lower prevalence/incidence, dementia associations with age and gender in the EMIF EHR databases were similar to community estimates, for example, increasing exponentially with age. Although underestimations of community incidence were relatively constant across age groups, these varied more for prevalence, being strongest in 70-to 80-year olds. Considering the most recent year of data, only two EHRs (THIN and GENOMEDICS, both primary care) showed continued increases in prevalence into the 951 age group and only one (GENOME-DICS) showed this for incidence (Figs. C3 and C4 of Appendix C); however, it should be borne in mind that cell sizes in the 951 age group are likely to have given unstable estimates in the smaller databases (particularly IMIM-UPF and IPCI), although ought to be robust in the larger ones (ARS and THIN). Age-specific dementia prevalence is generally found to be higher in women than men in community studies, although differences range from 1% to 2% [13, [23] [24] [25] to a doubling or more [26] [27] [28] . Female to male prevalence ratios in the EHR data rose with age, whereas incidence ratios rose more modestly; this would be consistent with increased duration of diagnosed dementia in older women because of lower case mortality.
A major strength of these EHR resources is that they cover large populations, with data accruing over long periods. However, it is important to bear in mind the limitations of routine data. In particular, dementia diagnosis and recording may vary substantially between individuals, localities and internationally, influenced, for example, by clinician attitudes to the usefulness of the diagnosis, its requirement or not for treatment initiation, family pressures to assign (or not) a diagnosis, and the clinical or research criteria adopted. In addition, EHRs from nonspecialist care do not generally contain data (e.g., from cognitive/functional assessments), which indicate the dementia severity at diagnosis. Despite this, there are important potential research applications. Investigations of prognosis, impact, and intervention response are perhaps the most important, because alternative data sources (randomized trials and conventional clinical cohorts) are limited in size and generalizability. However, there are also possibilities for novel risk factor research, particularly where these tend to be well recorded in health records and missed in traditional cohort studies. Medication exposures and comorbidities are the most available data; however, data linkages offer novel additional possibilities in individual settings. For example, AUH can be linked to data on education, school performance, income, employment, and retirement, to an increasing extent over time, as well as potentially with comparable spouse and sibling data; THIN data can likewise be linked to those from the spouse, and thus, for example, there are important opportunities for investigating the shared environment or the influence of one person's dementia on another's.
In summary, we describe trends in dementia prevalence and incidence extracted from what collectively may form the world's largest database on this condition. EHR data contain a wealth of longitudinal information on very large samples, although limitations inherent in administrative information resources need to be borne in mind when studies are designed to use these.
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RESEARCH IN CONTEXT
1. Systematic review: Using PubMed for English language publications, we identified and reviewed all publications on incidence and prevalence of dementia in Europe, focusing on health records databases.
2. Interpretation: Analyses of 138,625 dementia cases demonstrated age-associated increases in prevalence and incidence followed by a flattening of trajectories in oldest age groups, modest increases in prevalence across the 9 years analyzed but relatively stable incidence and strengths of association with age and gender.
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